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Primitive erythropoiesis is regulated in a non cell-autonomous fashion across evolution from frogs to
mammals. In Xenopus laevis, signals from the overlying ectoderm are required to induce the mesoderm to
adopt an erythroid fate. Previous studies in our lab identiﬁed the transcription factor GATA2 as a key
regulator of this ectodermal signal. To identify GATA2 target genes in the ectoderm required for red blood
cell formation in the mesoderm, we used microarray analysis to compare gene expression in ectoderm
from GATA2 depleted and wild type embryos. Our analysis identiﬁed components of the non-canonical
and canonical Wnt pathways as being reciprocally up- and down-regulated downstream of GATA2 in
both mesoderm and ectoderm. We show that up-regulation of canonical Wnt signaling during gas-
trulation blocks commitment to a hematopoietic fate while down-regulation of non-canonical Wnt
signaling impairs erythroid differentiation. Our results are consistent with a model in which GATA2
contributes to inhibition of canonical Wnt signaling, thereby permitting progenitors to exit the cell cycle
and commit to a hematopoietic fate. Subsequently, activation of non-canonical Wnt signaling plays a
later role in enabling these progenitors to differentiate as mature red blood cells.
& 2015 Elsevier Inc. All rights reserved.1. Introduction
During vertebrate hematopoiesis, stem cells differentiate along
one of the various blood lineages (Drevon and Jaffredo, 2014). The
ﬁrst blood progenitors arise from mesodermal cells that are spe-
ciﬁed with a hematopoietic fate during gastrulation. These cells
will differentiate predominantly as red blood cells (RBCs) several
days later in a process termed primitive hematopoiesis. A second
phase of blood development, deﬁnitive hematopoiesis, generates
hematopoietic stem cells (HSCs) that give rise to progenitors of the
erythroid, lymphoid and myeloid lineages.
Signals from the microenvironment, or niche, that determine
the balance between quiescence, proliferation and differentiation
of HSCs during adult hematopoiesis are similarly required for
primitive hematopoiesis. Tissue recombination studies have
shown that non-hematopoietic cells must send a signal to the
nascent mesoderm during gastrulation in order for it to formChristian).
icine, University of Chicago
ineering, CL3G Oregon Healthblood (Belaoussoff et al., 1998; Maeno et al., 1994). In Xenopus,
ectodermal cells provide this signal. When ectoderm is physically
separated from the hematopoietic ventral mesoderm in Xenopus
embryos, RBCs fail to form despite the normal differentiation of
other mesodermal cell types (Kikkawa et al., 2001).
Although the precise molecular nature of the signal
(s) transmitted by ectodermal cells during primitive blood devel-
opment is unknown, it is known that bone morphogenetic pro-
teins (BMPs) are needed to generate this signal. BMPs are required
for ventral patterning of all germ layers, and RBCs fail to develop
when BMP signal reception is blocked in either mesodermal or
ectodermal cells (Kumano et al., 1999; Walters et al., 2001). It has
been suggested that BMPs secreted from the ectoderm provide the
signal that enables mesoderm to form blood (Kumano et al., 1999;
Maeno, 2003; Tran et al., 2010), However, activation of the in-
tracellular BMP signaling cascade is not sufﬁcient to rescue ery-
thropoiesis in isolated ventral mesoderm (Dalgin et al., 2007).
Wnt signaling is also required for primitive blood development.
Wnts signal via two general pathways, termed canonical and non-
canonical (Chien et al., 2009). Canonical Wnt signaling is asso-
ciated with progenitor cell proliferation whereas non-canonical
Wnt signaling is often necessary for exit from pluripotency and
progenitor cell speciﬁcation. In Xenopus, Wnt4 signals from me-
sodermal cells during gastrulation to activate the canonical Wnt
cascade in the overlying ectoderm, and possibly also the
M.S. Mimoto et al. / Developmental Biology 407 (2015) 1–112mesoderm, and this is required for primitive blood formation
(Tran et al., 2010).
The transcription factor GATA2 functions cell-autonomously in
blood progenitors during erythropoiesis (Tsai et al., 1994), but is
also required in ectodermal cells of Xenopus embryos for primitive
blood formation (Dalgin et al., 2007). Epistasis analysis in whole
embryos and explants support a model in which BMPs signal to
ectodermal cells to activate transcription of GATA2, and GATA2
subsequently induces expression of a secondary signaling mole-
cule(s) that is essential for mesoderm to form blood (Dalgin et al.,
2007). The current studies explore the nature of the signals that
are induced by GATA2.2. Materials and methods
2.1. Embryo culture and manipulation
Embryos were obtained, microinjected, and cultured as de-
scribed (Mimoto and Christian, 2012). Embryos were staged ac-
cording to Nieuwkoop and Faber (1967). Ectoderm or mesoderm
explants were dissected with watchmakers’ forceps and cultured
independently or as recombinants as described previously (Gold-
man et al., 2006). Ectoderm removal assays were performed by
removing the vitelline coat with watchmakers' forceps, dissecting
away the dorsal half of the embryo and then peeling off the ec-
toderm using tungsten needles or an eyebrow knife. Stage 13
embryos were incubated in 0.005% Trypsin for 1–5 min prior to
ectoderm removal and then transferred to 0.02% trypsin inhibitor
for 20 min prior to culture. The vitelline coat was removed from
late gastrula stage embryos using watchmakers' forceps, the ven-
tral half was removed using tungsten needles and then separated
into ectodermal and mesendodermal fragments using an eyebrow
knife. Transient activation of the canonical Wnt pathway was
achieved by culture of whole embryos in 0.25 M LiCl in 0.5X
Modiﬁed Barth's Saline (MBS) for 20 min followed by 4–5 washes
in 0.5X MBS. Double label in situ hybridization assays were per-
formed as described in Harland (1991) except that the vitelline
coat was not removed prior to ﬁxation and probes were detected
using BM purple as a substrate.
2.2. Microarray analysis
To generate samples for the microarray analysis, FOG RNA
(250 pg), GATA2 RNA (250 pg) or GATA2 anti-sense morpholino
oligonucleotides (MOs) (20 ng) (Dalgin et al., 2007) was injected
into each cell near the animal pole of embryos at the two-cell
stage. Embryos were allowed to develop to stage 10, at which
point ectoderm was removed using watchmakers' forceps and
cultured to stage 12 in 0.5X NAM. Approximately 40 ectodermal
explants from a single injection condition were pooled and RNA
samples were generated for microarray analysis according to
standard protocols provided by the manufacturer (Affymetrix).
Brieﬂy, RNA was extracted using Trizol (Invitrogen) and puriﬁed
with an RNA clean-up kit (QIAGEN). RNA samples were sent to the
Oregon Health & Science University Affymetrix Microarray Core
facility for further processing and hybridization to the microarrays.
Three biological replicates collected during three separate days of
experiments were used for each of the four microarray conditions.
Array probe levels were summarized using the Robust Multiarray
Analysis RMA method (Irizarry et al., 2003a, 2003b), implemented
in the Affymetrix package under BioConductor in the R program-
ming language. A second level of probeset normalization was
performed using the Global Rank-Invariant Set Normalization
(GRSN) method (Pelz et al., 2008). Hierarchical clustering based on
a Pearson's correlation coefﬁcient was performed as anunsupervised method to identify outliers. Based on this analysis,
Uninjected #3 was identiﬁed as a signiﬁcant outlier and was re-
moved from subsequent analysis. A batch adjustment was per-
formed using an internal method based on Distance Weighted
Discrimination (DWD) (Benito et al., 2004), which was developed
by our statistician, Carl Pelz. This analysis was used to correct for a
batch effect from the different biological replicates, likely due to
the fact that Xenopus laevis is not isogenic, creating a signiﬁcant
degree of background variability between the biological replicates
that was unrelated to our scientiﬁc question. To facilitate analysis
of a smaller sample size, the eBayes method (implemented
through (Smyth, 2004) was used to identify up and down-regu-
lated genes. Genes that showed changes þ/ 1.2-fold were con-
sidered potentially signiﬁcant.
2.3. Analysis of RNA
For Northern blotting, total RNA was isolated and analysis was
performed as described previously (Christian et al., 1991). Bands
were quantiﬁed using the NIH ImageJ software. For quantitative
reverse transcription PCR (qPCR) analysis, total RNA was isolated
using Trizol (Invitrogen) according to the manufacturer's instruc-
tions, from which cDNA was generated using the AMV Reverse
Transcriptase First-strand cDNA Synthesis Kit (Life Sciences, Inc.)
with a poly d(T) primer. qPCR was performed using a SYBR Green-
based assay (QIAGEN) and a 7900 HT Sequence Detector (ABI).
Each sample was analyzed in triplicate and normalized to the
housekeeping gene, ornithine decarboxylase (ODC). Forward
(F) and reverse (R) primers used for PCR are listed in Table S1. Tm
used was between 58 and 60 °C.
2.3.1. Morpholinos and cDNA constructs
GATA2 (Dalgin et al., 2007) morpholino antisense oligonu-
cleotides (MOs) were purchased from Gene Tools, LLC (Philomath,
OR), along with a standard control MO. All cDNAs were subcloned
into pCS2þ for RNA transcription.3. Results and discussion
3.1. Ectodermal signals required for blood differentiation in the
mesoderm are transmitted by the end of gastrulation
In order to identify GATA2 targets in the ectoderm that might
be required for blood development, we ﬁrst wanted to determine
the developmental window during which ectoderm is required for
primitive erythropoiesis. To do this, the ventral half of embryos,
which gives rise to the majority of RBCs in the VBI (Ciau-Uitz et al.,
2010; Maeno et al., 2012), was explanted and ectoderm was either
retained or removed at successive stages of development, from
mid-gastrulation (stage 11) through the end of gastrulation (stage
13). The ventral explants were cultured until wild type siblings
reached the tailbud stage (stage 34) and then assayed by whole
mount in situ hybridization (WMISH) for expression of globin, a
marker of differentiated RBCs (assay illustrated in Fig. 1A). Ex-
pression of globin was detected in nearly all explants cultured in
the presence of ectoderm (Fig. 1B, top row, Fig. 1C). By contrast,
expression of globin was absent in ventral explants in which ec-
toderm was removed at stages 11 and 12 (Fig. 1B, middle and
bottom rows, Fig. 1D). When ectoderm was removed at stage 13,
expression of globin was detected in 50–70% of ventral explants in
three independent experiments (Fig. 1B, middle and bottom rows,
Fig. 1D). Whereas globin expressing mesoderm was located near
the superﬁcial surface of explants cultured in the presence of ec-
toderm (Fig. 1B, top row), it was present at a more internal loca-
tion in explants from which the ectoderm was removed at stage
Fig. 1. Signals from the ectoderm are required to induce blood formation in the mesoderm during gastrulation. (A) Illustration of ectoderm removal assay. The ventral half of
embryos was isolated and ectoderm was either retained or removed from explants at stages 11, 12 or 13. Explants were allowed to develop until intact siblings reached the
tailbud stage (stage 34) and assayed for expression of globin by WMISH. (B) Photographs of representative globin stained explants mounted in PBS (top two rows) or in
Murrays clear (bottom row). (C, D) Quantitation of percent of explants expressing globin when cultured in the presence (C) or absence (D) of ectoderm. Results are pooled
from 2–3 independent experiments for each group.
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tom row). The same result was obtained when globin expression
was analyzed by qPCR (Fig. S1). These results demonstrate that the
ventral mesoderm does not have the capacity to form RBCs in the
absence of ectoderm through stage 12. However, by stage 13, when
mesodermal cells become committed to the primitive
hematopoietic lineage (Turpen et al., 1997), the requisite ecto-
dermal signals have been transmitted and at least a subset of
mesodermal cells are competent to form RBCs.
3.2. Microarray analysis identiﬁes ectodermal GATA2 targets
Although ectodermal GATA2 is essential for erythropoiesis
(Dalgin et al., 2007), it is a transcription factor and thus cannot
directly mediate a signal transmitted from ectoderm to
hematopoietic mesoderm. To identify genes downstream of GATA2
that are expressed in the ectoderm during the window of devel-
opment in which ectoderm is required for erythropoiesis, we used
microarray analysis to compare gene expression proﬁles from late
gastrula stage wild type and GATA2 depleted ectoderm. Expression
of GATA2 was knocked down by injection of previously char-
acterized GATA2 morpholino antisense oligonucleotides (MOs)
(Dalgin et al., 2007). Ectodermal explants were dissected at the
onset of gastrulation (stage 10), and cultured until sibling embryos
reached the late gastrula stage (stage 12). The ectodermal explants
were then harvested and RNA was isolated for hybridization to a
microarray (illustrated in Fig. 2A).
Because X. laevis is not an isogenic model system, weanticipated a high degree of background variability. We therefore
used two additional experimental conditions to reﬁne our array
data and to increase the speciﬁcity of our list of candidate genes.
First, we analyzed gene expression in ectoderm isolated from
Friend of GATA (FOG) RNA injected embryos. We have shown that
overexpression of FOG in the mesoderm dominantly interferes
with GATA function, causing disruption of erythropoiesis (Mimoto
and Christian, 2012). Similarly, FOG overexpression phenocopies
GATA2 knockdown in the ectoderm, as expression of globin was
reduced in recombinants consisting of wild type mesoderm re-
combined with ectoderm isolated from embryos injected with
500 pg of FOG RNA relative to wild type mesoderm recombined
with control ectoderm (Fig. S2). Thus, we would predict that
changes in gene expression in FOG overexpressing ectoderm
would mirror those observed in GATA2 depleted ectoderm. Sec-
ond, we analyzed ectoderm isolated from embryos injected with
500 pg of GATA2 mRNA. This serves as a control for non-speciﬁc
effects of injection. In addition, if overexpressed GATA2 is sufﬁ-
cient to induce target gene expression, then genes that show
parallel changes in expression in GATA2 MO and FOG RNA injected
embryos would be expected to show changes in expression in the
opposite direction upon overexpression of GATA2 (illustrated by
arrows in Fig. 2A). We used these predicted relationships to exe-
cute a preliminary screen for candidate genes in the ectoderm that
might play a role in regulating erythropoiesis. Employing these
criteria, we identiﬁed 750 genes that showed a greater than 1.2-
fold change and 150 genes that showed a greater than two-fold
change in the predicted directions for at least two conditions. A list
Fig. 2. Microarray approach to identify ectodermal GATA2 targets required for
blood formation in the mesoderm. (A) Schematic of microarray strategy and sample
acquisition. Embryos were injected at the two-cell stage with GATA2 MO (40 ng),
FOG RNA (500 pg) or GATA2 RNA (500 pg) and cultured to the early gastrula stage
(stage 10). Ectoderm was explanted and cultured to stage 12, at which point ec-
todermal explants in each group were pooled and RNA was extracted for micro-
array analysis. (B) Genes identiﬁed by microarray analysis that are predicted to be
relevant for hematopoiesis (C) qPCR analysis of gene expression in ectodermal
explants isolated at stage 10 from embryos injected with GATA2 MOs or FOG RNA
and cultured to stage 12. Quantiﬁcation of relative gene expression (mean7SD) in
three independent experiments is shown.
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change relative to uninjected controls, is presented in Fig. 2B. The
full results of the microarray will be presented elsewhere.
Our microarray data yielded several interesting trends, which
were used to guide further analysis. First, several genes associated
with the non-canonical and canonical Wnt pathways appeared to
be reciprocally regulated downstream of GATA2 (Fig. 2B). Speciﬁ-
cally, genes in the non-canonical Wnt pathway were down regu-
lated in GATA2 morphant and FOG overexpressing ectoderm, but
were up-regulated by GATA2 overexpression. For example, genes
identiﬁed that were positively regulated by GATA2 include Wnt11
and Fz7, which signal together to activate non-canonical Wnt
pathways (Yu et al., 2012), Fz4, which can activate both non-ca-
nonical and canonical Wnt pathways (Ye et al., 2009; Yu et al.,
2010), and Ephrins, which activate non-canonical Wnt signalingthrough interaction with Disheveled (Lee et al., 2006; Tanaka et al.,
2003). In contrast, several genes associated with the canonical
Wnt pathway were up-regulated in GATA2 morphants and in FOG
overexpressing embryos but were negatively regulated by GATA2
overexpression. Genes identiﬁed that were negatively regulated by
GATA2 included Fz8, which activates canonical Wnt signaling
(Sheldahl et al., 1999) and Btg-x, which is a canonical Wnt target
gene (Mann et al., 1999; Wessely et al., 2005).
A second observation was that c-myb, a gene associated with
proliferation and progenitor maintenance, was upregulated in
GATA2 morphant ectoderm. c-myb must be downregulated to
promote exit from the progenitor state and allow for differentia-
tion during deﬁnitive hematopoiesis (Bresson-Mazet et al., 2008).
Induction of this progenitor cell marker raises the possibility that
in the absence of GATA2, there is a defect in the ectoderm's ability
to properly differentiate. Consistent with this hypothesis, expres-
sion of the ectodermal differentiation marker, keratin, and the
transcription factor c-ets, which promotes proliferation or differ-
entiation in a context-speciﬁc manner (Sieweke et al., 1997), was
downregulated in GATA2 morphant ectoderm.
To begin to validate changes in gene expression predicted by
the microarray analysis, we initially used qPCR to analyze ex-
pression of a subset of target genes in ectodermal explants isolated
from uninjected embryos, or from embryos injected with GATA2
MO or FOG RNA, under conditions identical to those used in the
microarray. Ectoderm was explanted at stage 10 and and cultured
to stage 12–13 prior to harvesting for analysis. In ectodermal ex-
plants, genes associated with non-canonical Wnt signaling
(xWnt11, EphrinB2, Fz7) were repressed in both GATA2 MO and
FOG RNA injected explants, whereas those associated with the
canonical pathway (xFz8, x-Btgx) were activated in response to
GATA2 MO or FOG RNA injection (Fig. 2C).
The ﬁnding that non-canonical Wnt pathway components and
genes associated with differentiation are upregulated and cano-
nical Wnt targets and genes associated with proliferation are
downregulated by GATA2 is interesting given that these two arms
of the Wnt pathway have been shown to be alternately required
for different phases of development (Tian et al., 2010). Speciﬁcally,
canonical Wnt pathway activation is required in multiple systems
to promote progenitor cell proliferation in order to generate an
adequate precursor pool to populate an organ. Subsequent acti-
vation of the non-canonical Wnt pathway is then necessary for
cells to cease proliferation and become speciﬁed or differentiate
with a given fate. Our previous studies suggested that ectodermal
GATA2 is required for differentiation but not speciﬁcation of blood
(Dalgin et al., 2007), but more recent studies have shown that
markers of hematopoietic speciﬁcation are lost when GATA2 ex-
pression is knocked down in the entire embryo (Liu et al., 2008).
Consistent with this, we ﬁnd that markers of hematopoietic
commitment (stem cell leukemia, scl) and differentiation (globin)
are reduced at the neurula and tailbud stages, respectively, when
ectodermal GATA2 expression is knocked down using antisense
MOs (Dalgin et al., 2007) (Fig. S3). Taken together, our microarray
results support the hypothesis that GATA2 activates non-canonical
Wnt signaling, and represses canonical Wnt signaling in ecto-
dermal cells in order to halt progenitor proliferation and enable
mesodermal cells to be speciﬁed with a primitive hematopoietic
fate during gastrulation.
3.3. Non-canonical Wnt pathway members are upregulated and
canonical Wnt pathway members are downregulated downstream of
GATA2
Microarray analysis provided an unbiased approach that poin-
ted to components of the Wnt pathway as potential GATA2 target
genes in explanted ectoderm that was cultured in isolation from
Fig. 3. GATA2 regulates expression of Wnt pathway components and target genes during gastrulation. GATA2 or control MO (40 ng per embryo) was injected into two-cell
embryos. At stage 12–13, the ventral half of the embryo was removed as illustrated and dissected into ectodermal or mesendodermal pieces. The location of cells that will
give rise to the anterior VBI (red) and posterior VBI (purple) is indicated. RNA was extracted from pooled ectoderm or mesendoderm (mesendo) and gene expression
analyzed by qPCR for each target gene. Quantiﬁcation of relative gene expression (mean7SD) in at least three independent experiments is shown.
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more complex in vivo, where ectoderm and mesoderm come into
contact and communicate with each other throughout gastrula-
tion. Furthermore, GATA2 is expressed in both germ layers during
gastrulation (Walmsley et al., 1994). This raises the possibility that
some of the target genes identiﬁed in ectodermal cells, as well as
additional Wnt pathway components that are not expressed in
ectoderm and thus would not have been identiﬁed in our screen,
are regulated by GATA2 in the mesoderm. We thus wanted to
broaden our analysis and examine effects of GATA2 knockdown on
Wnt pathway components and downstream target genes in each
germ layer in the more physiological context of the intact embryo,
where the mesoderm and ectoderm are in close contact and can
signal to each other. To do so, we injected GATA2 MOs into bothcells of 2-cell embryos, to knock down expression of GATA2 in all
germ layers throughout the entire embryo. We then cultured
embryos to the late gastrula stage, dissected away the ventral half
of the embryo along the entire anterior–posterior axis as illu-
strated in Fig. 3, and separated it into ectodermal and mesendo-
dermal fragments. Expression of relevant target genes was then
analyzed by qPCR in pooled ventral ectoderm or mesendoderm
from GATA2 or control morphants. Importantly, by the late gas-
trula stage, cells originally derived from the dorsoanterior region
of the early gastrula stage embryo, which will give rise to the
anterior VBI (aVBI), have migrated and now reside in the anterior
ventral region of the embryo (Fig. 3, red shading) while cells de-
rived from the ventroposterior region of early gastrulae, which
give rise to the posterior VBI (pVBI), now reside in the posterior
Fig. 4. GATA2 is not required for expression of Bmp2, Bmp4orBmp7during gastrulation. (A) GATA2 or control MOs (40 ng per embryo) were injected into two-cell embryos. At
stage 13, the ventral half of the embryo was removed and dissected into ectodermal or mesendodermal pieces that were analyzed for expression of Bmp4 by qPCR.
Quantiﬁcation of relative gene expression (mean7SD) in four independent experiments is shown. (B–D) GATA2 or control MOs were injected into two-cell embryos and
expression of Bmp4, 7, and 2was analyzed by qPCR in whole embryos at stage 11. Quantiﬁcation of relative gene expression (mean7SD) in three independent experiments is
shown.
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1999). Thus, the tissue fragments that we are analyzing include
mesodermal and ectodermal cells that will give rise to or overlie,
respectively, the entire anterior posterior extent of the VBI. Al-
though we used overexpression of GATA2 and FOG as controls to
eliminate false positives in our preliminary screen, these controls
were not used to validate targets in whole embryos because
overexpressed GATA2 may activate genes that are not relevant
under physiological conditions (e.g. genes that are normally acti-
vated by other GATA family members) and overexpressed FOG
most likely blocks the function of all GATAs, not just GATA2 (Mi-
moto and Christian, 2012).
As predicted by the microarray, expression of the non-canoni-
cal Wnt receptor Fz4, and the differentiation markers c-ets and
keratin was reproducibly reduced in the ectoderm of GATA2
morphants (Fig. 3). However, expression of Wnt11 was unchanged
in ectodermal cells and was elevated in mesodermal cells of
GATA2 morphants (Fig. 3). Because we were interested in explor-
ing Wnt signaling more broadly, we also analyzed expression of
the other major non-canonical Wnt ligand (Wnt5A) that functions
during gastrulation. Expression of Wnt5A was repressed in the
ectoderm of GATA2 morphants (Fig. 3). Collectively, these data are
consistent with the possibility that GATA2 promotes non-canoni-
cal Wnt signaling during gastrulation to drive ectodermal speci-
ﬁcation or differentiation, although further analysis of down-
stream pathway activation will be required to validate this
conclusion.
We next examined expression of genes associated with the
canonical Wnt pathway that were identiﬁed in our microarray, as
well as the major canonical Wnt ligands (Wnt4, Wnt8) that are
expressed primarily in mesoderm during gastrulation, and thus
would not have been identiﬁed in our screen. We found that ex-
pression of Wnt4 and Wnt8 was elevated in the mesoderm of
GATA2 morphants. As predicted by the microarray, we also foundthat expression of the Wnt target gene, Btg-x, and the marker of
proliferation, c-myb, was enhanced in the ectoderm of GATA2
morphants. To further assay the status of Wnt signaling in GATA2
morphants, we analyzed expression of the direct canonical Wnt
target gene, axin2, and found that it was upregulated in GATA2
morphants. Our ﬁnding that Wnt4 and Wnt8 are upregulated in
mesodermal cells, while Wnt target genes and a marker of pro-
liferation are upregulated in ectodermal cells in GATA2 morphant
embryos, suggest that the mesodermally derived ligands might be
signaling primarily to the ectoderm. These data support our hy-
pothesis that GATA2 dampens canonical Wnt signaling toward the
end of gastrulation, enabling progenitor cells to halt proliferation.
Notably, not all of the Wnt pathway genes that validated as
GATA2 targets in ectoderm that was isolated and aged ex vivo
(Fig. 2C) did so in ectoderm that was aged in vivo in the context of
the intact embryo. Speciﬁcally, we did not detect statistically sig-
niﬁcant changes in expression of Wnt11, ephrinB2b, Fz7 or Fz8 in
ectodermal cells isolated from intact GATA2 morphants (Fig. 3 and
data not shown). These results demonstrate that cross-talk be-
tween the ectoderm and mesoderm during gastrulation, when
these tissues are directly apposed, can inﬂuence gene expression
in ways that cannot be predicted based on analysis of ectoderm
that is aged in isolation from the mesoderm.
3.4. Hematopoietic defects in GATA2 morphants are not caused by a
loss of BMP expression
Canonical Wnt signals are required for expression of BMP li-
gands during gastrulation and vise versa, and both signaling
pathways are required for primitive hematopoiesis. Speciﬁcally,
mesodermal BMPs induce expression of canonical Wnt ligands
that are necessary for hematopoietic speciﬁcation (Lengerke et al.,
2008). Conversely, Wnt4 signals from the mesoderm to activate
the canonical Wnt pathway in ectodermal cells during gastrulation
Fig. 5. Upregulation of canonical Wnt signaling during gastrulation represses
hematopoietic speciﬁcation Schematic of approach used to transiently activate
canonical Wnt signaling. Brieﬂy, embryos at the stages speciﬁed were incubated in
LiCl solution for 20 min, followed by several washes in 0.1X MBS culture medium.
Embryos were allowed to develop to stage 16–18 or 34 and assayed for expression
of globin and/or Scl. (A) Embryos were treated with LiCl at stage 10, allowed to
develop to stage 18 or 34 and assayed for expression of Scl and/or globin by
Northern blotting. Levels of globin or scl transcripts are normalized and reported as
a percentage of globin or scl levels in untreated embryos below each lane.
(B) Embryos were treated with LiCl at stages 10, 11, 12 or 13, allowed to develop to
stage 34 and expression of globin was determined by Northern blotting. Levels of
globin transcripts are normalized to and reported as a percentage of globin levels in
untreated embryos below each lane. (C) Embryos were treated with LiCl at stages
10, 11, 12 or 13, allowed to develop to stage 16 or 34 and expression of scl or globin
was determined by qPCR in three independent experiments.
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mesoderm to enable it to form blood (Tran et al., 2010). We have
previously shown that expression of Bmp2, Bmp4 and Bmp7 is
unchanged in ectoderm that is explanted from GATA2 morphants
(Dalgin et al., 2007). Given our current ﬁndings that expression of
Wnt4 is elevated in mesodermal cells of GATA2 morphants (Fig. 3),
and that changes in gene expression in explanted ectoderm do not
always accurately reﬂect changes in ectodermal cells of the intact
embryo, we wanted to re-examine germ layer speciﬁc interactions
between GATA2 and BMP4 in the context of the intact embryo. A
small increase in Bmp4 transcript levels was detected in me-
sendodermal, but not ectodermal cells dissected from the ventral
half of GATA2 morphants (Fig. 4A). No signiﬁcant differences were
detected in levels of Bmp4, Bmp2 or Bmp7 in intact GATA2 mor-
phant embryos relative to controls at stage 11 or stage 13 (Fig. 4B–
D). These results conﬁrm and extend our previously published
studies (Dalgin et al., 2007) showing that hematopoietic defects in
GATA2 morphants are not caused by reduced levels of Bmp
transcripts.
3.5. Upregulation of canonical Wnt signaling during gastrulation
represses hematopoietic speciﬁcation
To test the hypothesis that upregulation of canonical Wnt sig-
naling during gastrulation can block hematopoietic speciﬁcation,
we exposed gastrulating embryos to lithium chloride (LiCl), which
stabilizes ß-catenin to activate canonical Wnt signaling. Whereas
hyperactivation of the canonical Wnt pathway during early clea-
vage stages leads to a dorsalized phenotype, activation of the same
pathway during gastrulation causes dorsal mesodermal cells to
adopt a more ventral fate and leads to a loss of anterior neural
structures (Christian and Moon, 1993; Fredieu et al., 1997) (Fig. S4).
Embryos were treated with LiCl for 20 min at stage 10 and then
cultured to stage 18, when expression of scl was analyzed to look
for defects in hematopoietic speciﬁcation, or to stage 34, when
expression of the RBC differentiation markers, globin and scl was
examined. Expression of scl was signiﬁcantly repressed at stage 18,
demonstrating that speciﬁcation of hematopoietic fate is disrupted
by overactivation of canonical Wnt signaling. In addition, expres-
sion of globin and scl was nearly ablated at stage 34 (Fig. 5A, Fig.
S4). The latter ﬁnding is consistent with previous studies showing
that overexpression of zygotic Wnt8 leads to a loss of differ-
entiated RBCs (Collavin and Kirschner, 2003; Hoppler and Moon,
1998; Kumano et al., 1999).
Given the above data together with results from our micro-
array, we predicted that the developmental window during which
hematopoiesis is sensitive to canonical Wnt upregulation would
overlap with the requirement for ectodermal signaling. We
therefore treated embryos with a single 20 min pulse of LiCl at
stages that encompass gastrulation (stages 10–13). Expression of
scl or globin was analyzed at stage 16 or stage 34, respectively,
using Northern blotting (Fig. 5B) and/or qPCR (Fig. 5C). Expression
of globin (Fig. 5B and C) and scl (Fig. 5C) was repressed when
embryos were treated with LiCl beginning at stage 10, 11 or 12, but
not when embryos were exposed to LiCl at stage 13. Thus, upre-
gulation of canonical Wnt signaling during the same develop-
mental window in which ectoderm is required for blood formation
(Fig. 1) represses hematopoietic speciﬁcation.
3.6. Upregulation of zygotic canonical Wnt signaling in either ecto-
derm or mesoderm represses primitive hematopoiesis
Given our ﬁnding that upregulation of canonical Wnt signaling
during gastrulation represses hematopoiesis, we next wanted to
know whether this inhibitory effect operates in mesodermal and/
or ectodermal cells. To address this question, we activated thezygotic canonical Wnt pathway by injection of pCS2þßcatenin
DNA (100 pg) into two ventral animal pole or ventral vegetal pole
blastomeres of 8-cell embryos and then analyzed expression of
globin at stage 35 by WMISH (illustrated in Fig. 6A). Injection of
pCS2þßcatenin DNA will lead to ectopic expression of ßcatenin
beginning at the midblastula transition, which marks the onset of
zygotic gene transcription. This strategy enables us to avoid the
dorsalization of embryonic fate that occurs when canonical Wnt
signaling is activated prior to the midblastula stage (Christian and
Moon, 1993). Control embryos injected with only CS2þ plasmid
DNA showed strong expression of globin along the entire anterior–
posterior length of the VBI (Fig. 6B). By contrast, when
CS2þßcatenin DNA was targeted to either animal or vegetal pole
blastomeres, to activate zygotic Wnt signaling in ectoderm or
mesoderm, respectively, expression of globin was moderately
(þþ) or severely (þ/) repressed in the pVBI (Fig. 6B). Expres-
sion of globin was intact in cells of the aVBI, which is expected
since these cells are derived from dorsal blastomeres (Lane and
Smith, 1999) that were not targeted in our injections. A more
quantitative analysis of globin expression by Northern blot
Fig. 6. Upregulation of zygotic canonical Wnt signaling in either ectodermal or mesodermal cells disrupts primitive erythropoiesis. (A and B) Empty CS2þvector DNA or
CS2þßcatenin DNA (100 pg per blastomere) was injected into both ventral animal pole or vegetal pole cells of 8-cell embryos as illustrated and expression of globin was
analyzed by WMISH at stage 34. Globin staining in the posterior VBI (pVBI) of experimental embryos was scored as barely or not detectable (/þ), moderately decreased
(þþ) or strong (þþþ) using the scale illustrated in panel A. (C) Embryos were injected as illustrated in panel A and expression of globin was determined by Northern
blotting at stage 34. Levels of globin transcripts are normalized to and reported as a percentage of globin levels in CS2þ embryos below each lane. Results shown were
replicated in one additional experiment.
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either ectodermal or mesodermal cells lead to a loss of differ-
entiated blood cells (Fig. 6C).
3.7. Non-canonical Wnt signaling is required for RBC differentiation
during primitive erythropoiesis
Based on our microarray data, we predicted that activation of
the non-canonical Wnt pathway would be required for progenitors
to commit to a hematopoietic fate. To selectively inhibit the non-
canonical Wnt pathway, we used a dominant-negative version of
the Wnt effector disheveled that lacks most of the DEP domain
(DshΔDEP; D6), which is required for non-canonical signaling
(Boutros et al., 1998). However, canonical signaling via DshΔDEP
remains intact (Rothbacher et al., 2000).
In initial studies, we injected 500 pg of RNA encoding DshΔDEP
into each blastomere of 4-cell embryos to inhibit non-canonical
Wnt signaling throughout the embryo (illustrated in Fig. 7A). We
then used qPCR to analyze expression of scl at stage 17 and ex-
pression of globin at stage 34. Expression of scl was unchanged in
embryos injected with DshΔDEP RNA, relative to controls (Fig. 7A),
demonstrating that non-canonical Wnt signaling is not essential
for progenitors to commit to a hematopoietic fate during gas-
trulation. Expression of globin, however, was severely repressed in
embryos injected with DshDEP RNA (Fig. 7A). Collectively, these
results demonstrate that non-canonical Wnt signaling is not re-
quired for erythroid progenitors to commit to a hematopoietic fate
during gastrulation, but it most likely plays a later role in enabling
these progenitors to differentiate as mature RBCs.
We then injected 750 pg of RNA encoding DshΔDEP into each
ventral animal or vegetal pole blastomere of 8-cell embryos topreferentially inhibit non-canonical signaling in the ventral-pos-
terior ectoderm or mesoderm, respectively (Fig. 7B). These em-
bryos were allowed to develop to the tailbud stage (stage 35) and
were assessed for expression of globin byWMISH using the scoring
system illustrated in Fig. 7B. Targeting of DshΔDEP RNA to either
ventral animal or vegetal pole cells, led to moderate (þþ) or se-
vere (þ/) repression of globin in the pVBI of most embryos
(Fig. 7C), demonstrating that non-canonical Wnt signaling is re-
quired in both ectodermal and mesodermal tissues for primitive
erythropoiesis. An identical result was obtained when we used a
second mutant Xenopus disheveled (Xdd1), that contains an in-
ternal deletion of the conserved PDZ/DHR domain (Sokol, 1996), to
block non-canonical Wnt signaling (data not shown). As a control
to show that injection of DshΔDEP can effectively block non-ca-
nonical Wnt signaling, we targeted DshΔDEP to dorsal meso-
dermal cells and veriﬁed that these embryos showed a shortened
anterior-posterior axis, including the blood islands, (Fig. S5), due
to defects in convergent extension movements. Expression of
globin, however, remained intact in the pVBI of embryos expres-
sing DshΔDEP in dorsal mesodermal cells (Fig. 7C), which is ex-
pected since these cells do not contribute to the pVBI. Analysis of
globin expression by Northern blot conﬁrmed that downregulation
of non-canonical Wnt signaling in either ectodermal or meso-
dermal cells lead to a reduction in globin expression (Fig. 6D).
Collectively, the current data suggest that GATA2 represses
canonical Wnt signaling, and may activate non-canonical Wnt
signaling during gastrulation. Although canonical Wnt signaling is
essential for hematopoietic speciﬁcation (Tran et al., 2010) our
results show that sustained canonical Wnt signaling prevents
mesodermal cells from committing to a hematopoietic fate. During
organ development, the relative dominance of canonical or non-
Fig. 7. Non-canonical Wnt signaling is required in ectodermal and mesodermal cells for primitive erythropoiesis. (A) RNA encoding DshΔDEP (500 pg) was injected into each
blastomere of 4-cell embryos as illustrated and expression of scl and globin was analyzed by qPCR at stage 17 and stage 35, respectively. (B–D) RNA encoding DshΔDEP
(750 pg) was injected into each ventral animal pole or ventral vegetal pole blastomere of 8-cell embryos as illustrated. (C) Expression of globin was analyzed by WMISH at
stage 34 and globin staining in the posterior VBI (pVBI) was scored as barely or not detectable (/þ), moderately decreased (þþ) or strong (þþþ) using the scale
illustrated on the right in panel C. (D) Expression of globin was determined by Northern blotting at stage 34. Levels of globin transcripts are normalized to and reported as a
percentage of globin levels in control embryos below each lane. In this blot, the control lane contains RNA from CS2þ injected embryos and is the same control shown for
Fig. 6 since all samples were run on the same gel. Results were replicated in two additional experiments.
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temporally with distinct phases of progenitor proliferation and
differentiation, respectively (Tian et al., 2010). In addition GATA
factors play a central role in regulating this switch from canonical
to non-canonical Wnt pathway activation in different organs, in-
cluding the lung and heart (Afouda and Hoppler, 2011; Afouda
et al., 2008; Zhang et al., 2008). Such a stage speciﬁc and biphasic
role for Wnt signaling has been suggested during hematopoiesis
based on analysis of in vitro differentiated embryonic stem cells
(Naito et al., 2006; Tarafdar et al., 2013; Vijayaragavan et al., 2009).
Speciﬁcally, canonical Wnt signaling initiates the mesodermal
program and promotes primitive hematopoietic fate while non-
cannonical Wnt signals are required to control exit from the
pluripotent state (Tarafdar et al., 2013; Vijayaragavan et al., 2009).
It is possible that GATA2 mediated upregulation of non-cano-
nical Wnt signaling indirectly leads to repression of canonical Wnt
signaling but we ﬁnd this unlikely for several reasons. First, weshow that GATA2 function is required to dampen expression of
two canonical Wnt ligands (Wnt8 and Wnt4), suggesting a direct
effect. Second, we show that sustained activation of canonical Wnt
signaling prevents progenitors from committing to a blood fate
during gastrulation whereas non-canonical Wnt signaling is dis-
pensable for this process. This suggests that the two pathways are
operating sequentially and independently.
While our data suggest that GATA2 contributes to changes in
Wnt signaling that are required for primitive hematopoiesis, it is
unlikely that manipulation of Wnt signaling would be sufﬁcient to
rescue blood development in GATA2 morphants. Ongoing studies
in our lab have identiﬁed additional GATA2 target genes that op-
erate independent of Wnt signaling, and that are essential for
hematopoiesis.
4. Conclusions
Our data show that a proper balance of canonical and non-
Fig. 8. Model of how GATA2 regulates the balance of Wnt signaling to promote
hematopoietic commitment. During normal primitive hematopoiesis, GATA2 in-
duces expression of non-canonical Wnt signaling components, such as Fz4 and
Wnt5A in ectodermal cells, and represses expression of the canonical Wnt ligands
Wnt4 and Wnt8 in mesodermal cells. Downregulation of canonical Wnt tips the
balance away from progenitor proliferation and toward commitment/differentia-
tion. In the mesoderm, this enables progenitors to commit to a hematopoietic fate.
In the ectoderm, we hypothesize that differentiation is required for cells to gen-
erate a secondary signal (green arrow and circles) that is transmitted to meso-
dermal cells, enabling them to commit to a blood fate.
M.S. Mimoto et al. / Developmental Biology 407 (2015) 1–1110canonical Wnt signaling is required in both mesodermal and ec-
todermal cells for normal primitive hematopoiesis. We propose
that GATA2 is a contributing factor that promotes non-canonical
Wnt signaling (through upregulation of Fz4 and Wnt5A in ecto-
derm) and dampens canonical Wnt signaling (through repression
of Wnt4 and Wnt8 in mesoderm) toward the end of gastrulation
(illustrated in Fig. 8). In Xenopus, Wnt 4 secreted from the meso-
derm activates canonical Wnt signaling in ectodermal, and possi-
bly also mesodermal, cells during gastrulation, and this is required
for the induction of primitive hematopoiesis (Tran et al., 2010).
Canonical Wnt signaling is also required for the maintenance of
primitive hematopoiesis after this time (Tran et al., 2010). Our data
suggest that there is a temporal window in the course of gas-
trulation during which canonical Wnt signaling must be tran-
siently reduced in mesodermal cells to enable blood progenitors to
cease proliferation and commit to a hematopoietic fate (Fig. 8,
lower panel). Analysis of Wnt target genes, as well as markers of
proliferation and differentiation (Fig. 3), suggest that GATA2
mediated repression of Wnt4 and Wnt8 in mesodermal cells leads
to downregulation of canonical Wnt signaling, reduced progenitor
proliferation and enhanced differentiation primarily in ectodermal
cells. It is less obvious how ectodermal commitment or differ-
entiation inﬂuences mesodermal blood progenitors. One possibi-
lity is that differentiation is required to generate additional, yet to
be identiﬁed secondary signals that are transmitted to meso-
dermal cells to enable them to form blood (Fig. 8, green arrow and
circles). We are continuing to analyze a number of ectodermal
GATA2 target genes that are candidates for this secondary signal,
and these will be described in future manuscripts.Acknowledgments
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